In the adult rat, exposure to intermittent hypoxia (IH), such as in the Morris water maze (6) (7) (8) . The sensitivity of the hippooccurs in sleep-disordered breathing, is associated with neurobecampus to hypoxic insults and its well established role as a havioral impairments and increased apoptosis in the hippocampal critical structure for learning and memory suggests that expo-CA1 region and cortex. We hypothesized that the episodic hypoxicsure to IH may play a significant role in the cognitive disturreoxygenation cycles of IH would induce oxidant stress, and the bances seen in patients with obstructive sleep apnea (9).
Over the last 20 years, a substantial body of evidence has randomly assigned to be housed in IH (n ϭ 18) or room air (RA, n ϭ accumulated to indicate that sleep-disordered breathing (SDB) 18 ). Starting 1 day before IH exposure, each animal received twiceis a growing health problem in both adult and pediatric populadaily injections (8:00 a.m. and 8:00 p.m.) of either 3 mg/kg of PNUtions (1) (2) (3) . Recent estimates suggest that as much as 5% of 101033E (PNU, n ϭ 9) or vehicle (V, n ϭ 9). Animals in all four the general population may suffer from the most common form conditions (V-IH, PNU-IH, V-RA, and PNU-RA) were kept on a 12-of SDB, obstructive sleep apnea (4) controlling gas outlets, as described previously (7, 8) place-training reference memory task in the water maze. Rats were days of IH (p Ͻ 0.01 vs. RA; Figure 3 ). The amount of malondialtrained to locate a hidden, submerged platform while only using distal dehyde production in animals exposed to 7 days of IH-treated spatial cues. For each trial, the rat was placed into the pool from quasiranwith the antioxidant PNU-101033E was not significantly differdom start points (N, S, E, or W) and allowed a maximum of 90 seconds ent from control animals (not significant vs. RA), indicating that to escape to the platform, where it was allowed to remain for 15 seconds. the compound effectively crossed the blood-brain barrier and Training consisted of one eight-trial training session, followed by a fourreduced cortical tissue lipid peroxidation. trial retention session 24 hours later. Cued training was also conducted Similarly, time-dependent increases in the tissue concentraon the last day of place training to test for group differences in sensorimotions of 15-isoprostane F2 and related metabolites occurred durtor and motivational factors. Cued training consisted of one session of ing IH, and were blocked by PNU-101033E treatment (Figure 4) . three trials. During these trials, a visible platform was placed in a different location within the pool on each trial. Each rat was given 30 seconds to
In addition, marked increases in oxo8dG/oxo8G immunoreactivlocate the platform, and the animal was allowed to remain on the platform ity were apparent in IH-exposed rats, and staining was particufor 5 seconds. Each cued trial was separated by a 30-second intertrial larly localized within the cytosol, suggestive of RNA oxidant interval. Mean escape latencies, swim distances, and swim speeds were damage ( Figure 5 ).
analyzed by a repeated-measures analysis of variance and used to measure performance in the water maze. Student-Newman-Keuls' post hoc tests
DISCUSSION
were used when appropriate. A p value less than 0.05 was considered statistically significant.
Oxidative stress is a well established mechanism of cellular injury in mammals. Brain tissue contains a large amount of polyunsatuLipid Peroxidation Assay rated fatty acids, which are highly susceptible to oxidative reactions.
An LPO-586 kit (OxisResearch, Portland, OR) was used to measure Thus, lipid peroxidation is a common form of oxidative stress in the relative malondialdehyde production, a commonly used indicator the brain (19). Oxidative stress and increased gliosis have been of lipid peroxidation (19), in rat brain cortex according to the manufacassociated with aging related behavioral impairments on spatial turer's instructions. Briefly, after anesthesia with pentobarbital (50 mg/ learning tasks in the rodent (13), and similar increases in gliosis in kg intraperitoneally), the laboratory animals were perfused with 0.9% the cortex and hippocampal CA1 region have been observed in saline buffer for 5 minutes and the cortex was dissected, snap frozen the rat after exposure to IH (7) . In the present study, we demonin liquid nitrogen, and stored at Ϫ80ЊC until assay the next day. Cortical strate that IH is associated with significant increases in lipid peroxitissues were homogenized in 20 mM phosphate buffer (pH 7.4) containing 0.5 mM butylated hydroxytoluene to prevent sample oxidation. tilation and sleep fragmentation in addition to the episodic hypoxemia. Thus, it is possible that interactions between these three
Immunohistochemical Studies
potentially injurious components of SDB may either accentuate Three rats exposed to either RA or to IH for 7 days were anesthetized or abate the neurocognitive consequences of IH observed in the with pentobarbital (100 mg/kg) and perfused with 4% paraformaldepresent study (21). Second, there has been substantial disagreehyde for 2 hours. Sections of hippocampus were immunostained with ment as to whether SDB indeed leads to neurocognitive deficits a monoclonal anti-8-hydroxy-2Ј-deoxyguanosine/8-hydroxyguanosine or whether such deficits are primarily due to impaired vigilance antibody (oxo8dG/oxo8G; 1:2,000; QED Bioscience, San Diego, CA) (21). Recent imaging studies in patients with SDB would suggest as described previously (20) . that substantial gray matter loss occurs bilaterally in areas associated with cognitive function, thereby lending credit to the possi-
RESULTS
bility that episodic hypoxemia will not only induce neuronal deficits in rodents, but also in humans (22). On a standard place-discrimination task, V-IH exhibited longer latencies and pathlengths to locate the hidden platform comGlutamate excitotoxicity has been implicated in hypoxia/ischemia-induced neuronal damage (23-25), and a chronic, slowly pared with PNU-IH, V-RA, and PNU-RA animals ( Figure 1) . Analysis of variance revealed significant treatment (IH) by trial evolving form of glutamate excitotoxicity has been proposed as one of the potential mechanisms by which IH induces neurodeblock interactions for both latency (F(3,31) ϭ 3.868, p Ͻ 0.02) and pathlength (F(3,31) ϭ 4.65, p Ͻ 0.01). Post hoc analyses generative changes in the brain (7, 8) . Both hypoxia and ischemia will induce increased release of excitatory amino acids, such showed that V-IH rats were significantly impaired on both latency and pathlength with respect to all other groups on trial as glutamate (14), potentially leading to excessive activation of ionotropic N-methyl-d-aspartate (NMDA) receptors and eventublock 3 (p Ͻ 0.05).
No significant group differences in swimming speed and in ally resulting in programmed cell death (14, 26, 27) . This is consistent with findings that NMDA glutamate receptor-expressing cells performance during the cued task occurred among the four groups, indicating that the observed differences were not due within the hippocampus appear to be especially vulnerable to IH, as evidenced by reductions in NMDA receptor immunoreactivity to sensorimotor or motivational differences among the groups (Figure 2) . after IH (7), alterations in NMDA NR2 receptor subunit expression (28), as well as reductions in NMDA glutamate receptor In a separate group of rats (n ϭ 6 per time point), IH exposures was associated with significant increases in the relative binding sites in the hippocampus after hypobaric hypoxia (29) . In addition, NMDA receptor antagonists exert a neuroprotective malondialdehyde production in the cortex of rats exposed to 7 effect in hypoxia/ischemia-induced neuronal damage and oxidant scavenger attenuated the neurotoxicity associated with hypoxia/ reoxygenation even when treatment was administered during tissue injury (30, 31).
Glutamate actions via NMDA receptors mediate a diverse reoxygenation, suggesting that the combination of increased glutamate release and free radical production that occurs with reoxygenrange of physiological processes including synaptic transmission, cell survival gene regulation, long-term potentiation, and excitoation may be responsible for the observed neuronal damage. Extrapolation of this concept to our rodent model of sleep apnea toxicity (32, 33). Thus, increased release of glutamate during hypoxic conditions and parallel increases in oxidative stress may have is supported by the observations that the magnitude of the hypoxic exposure is insufficient to induce marked increases in neuronal important implications for cell survival. The lipid peroxidation product 4-hydroxy-2,3,-nonenal has been shown to directly moduapoptosis when administered as a sustained paradigm. In contrast, substantial increases in programmed cell death and gliosis develop late NMDA channel activity, causing increases in NMDA-induced intracellular calcium ion levels as well as being associated with when the hypoxic exposure is administered in a cyclical fashion (7). Thus, it seems that the intermittent nature of the hypoxic increased phosphorylation of the NR1 receptor subunit, suggesting that such compounds may play a role in the pathological responses stimulus, rather than the level of hypoxia per se, may trigger a differential array of tissue responses that underlie the observed of neurons to oxidative stress by directly acting on glutamate receptors (34) . This is consistent with the hypothesis of a vicious cellular damage and subsequent behavioral impairments. We postulate that the cellular damage in response to IH likely involves a cycle in which NMDA receptor activation by glutamate leads to generation of reactive O 2 species which, in turn, will enhance the number of interrelated pathways, namely mitochondrial dysfunction, excitoxicity, oxidative stress, protein nitrosation and nitrosylarelease of glutamate as well as inhibit its reuptake and inactivation, ultimately leading to cellular death (35, 36 uncovered in our laboratory, whereby using proteomic approaches, multiple proteins associated with metabolic pathways, molecular chaperones, and apoptosis-related signaling cascades are differentially regulated in a highly IH-sensitive region of the significantly attenuate lipid peroxidation in the rat (39, 40) . Due to their lack of a lipophilic steroid moiety, pyrrolopyrimidines hippocampus such as CA1 when compared with the more tolerant CA3 region (38) . are able to cross the blood-brain barrier and are therefore more likely to affect the delayed neuronal damage in the selectively PNU-101033E is a member of a novel group of antioxidant compounds, the pyrrolopyrimidines, that have been shown to vulnerable CA1 region of the hippocampus than antioxidant 
